Most digital radiologic images have an extended contrast range of 9 to 13 bits, and are stored in memory and disk as 16-bit integers. Consequently, it is difficult to view such images on computers with 8-bit red-greenblue (RGB) graphic systems. Two approaches have traditionally been used: (1) perform a one-time conversion of the 16-bit image data to 8-bit gray-scale data, and then adjust the brightness and contrast of the image by manipulating the color palette (palette animation); and (2) use a software lookup table to interactively convert the 16-bit image data to 8-bit gray-scale values with different window width and window level parameters. The first method can adjust image appearance in real time, but some image features may not be visible because of the lack of access to the full contrast range of the image and any region of interest measurements may be inaccurate. The second method allows "windowing" and "leveling" through the full contrast range of the image, but there is a delay after each adjustment that some users may find objectionable. We describe a method that combines palette animation and the software lookup table conversion method that optimizes the changes in image contrast and brightness on computers with standard 8-bit RGB graphic hardware-the dual lookup table algorithm. This algorithm links changes in the window/level control to changes in image contrast and brightness via palette animation. The purpose of the algorithm is to use palette animation to mimic changes in image appearance performed by the software lookup table method after the window width and window level parameters have changed. The algorithm combines the advantages of both methods: rapid manipulation of image brightness and contrast by palette animation, and the ability to window and level on the full 16-bit image data using the software lookup table. This algorithm may be useful for applications that display 16-bit radiologic images on computers with standard 8-bit RGB graphic systems.
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Copyright
Displaying radiologic images on personal computers (PCs), on the other hand, presents special challenges because the graphic hardware associated with most PCs can only display gray scale images with at most 8 bits of color resolution per pixel, ie, 256 gray shades (2 8 = 256). Higher resolution red-green-blue (RGB) color graphic systems that use 16-, 24-or 32-bits of color resolution per pixel are now increasingly common; but while these systems can display far more than 256 colors, they are still incapable of displaying more than 256 gray shades per pixel.? There are two methods of displaying extended contrast range radiologic images on PCs. First, the 16-bit pixels can be converted to 8-bit grayscale pixels before display. Then contrast and brightness adjustments to the image can be made via palette animation (described below). However, as noted above, because the full contrast range of the image is not available, not all image features may be visible, and any quantitative measurements of the image may contain errors. Second, a software lookup table can be used to interactively convert the 16-bit pixels to 8-bit gray-scale pixels. When coupled with a window /Ievel control, the images can be interactively viewed under different window and level settings. An optimized method for using such a software lookup table has been described.' Although this second method retains access to the full contrast resolution of the image, there is a delay after each window and level adjustment that some users may find objectionable.
RGB GRAPHIC HARDWARE
On 8-bit RGB graphic systems, the determination of which color or gray shade is displayed on the monitor is determined by a hardware lookup table and a software data structure known as a color palette (Fig 1 and Table 1 ). The hardware lookup table matches the 8-bit image data value in the display memory with an RGB value: on Macintosh computers (Apple Computer, Cupertino, CA), this arrangement has been termed an indexed-pixel system.' The color palette, on the other hand, determines which RGB values are in the hardware lookup table.
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palette to update the RGB entries of the hardware lookup table. On the Macintosh and other computers, this process is termed palette animation. The palette entries can be changed very quickly because, at most, 256 RGB values have to be altered, and each RGB value is composed of three 16-bit integers (1 each for the red, green, and blue channels). After the color palette and hardware lookup table have been altered, the displayed image reflects the changed palette at the next display monitor update, which occurs roughly 60 times per second. Palette animation allows essentially real time adjustment of brightness and contrast of 8-bit gray-scale images.
DUAL LOOKUP TABLE ALGORITHM
In this article, we describe an algorithm that combines palette animation and the software lookup table 16-to 8-bit conversion method to optimize the display of 16-bit radiographic images on computers with standard 8-bit graphic hardware-the dual lookup table algorithm. This algorithm links changes in the window / level control to changes in image contrast and brightness via palette animation. The purpose of the algorithm is to use palette animation to mimic changes in image appearance performed by the software lookup table method after the window width and window level parameters have changed. This algorithm combines the advantages of both methods: rapid manipulation of image brightness and contrast by palette animation and the ability to window and level on the full 16-bit image data using the software lookup table.
The following equation describes a software lookup table that can convert 16-bit image values into 8-bit gray-scale values for a given window width and window level setting of the window /Ievel control:
where LUT is an array of 8-bit gray-scale integer values bounded from 0 to 255, W is the window width, L is the window level, and n is the bit depth of the image! and [2 n -1] is the largest possible image data value for the image. By using the image data value of each pixel as an index for the array LUT, the 16-bit image is converted to an 8-bit gray-scale image as follows.'
where h is the 16-bit image data value, Ig, is the converted 8-bit gray-scale value, N is the number of pixels in the image and LUT is the array derived in equation 1. To link the window /level control with palette animation, we can derive the following equations, which determine new color palette RGB 15 values given a change in the window width and window level setting:
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DISCUSSION
Our implementation of the dual lookup algorithm has met the original design goals: the change in the image appearance via palette animation closely mimics the change from the window width/window level adjustment via the software lookup table method. We believe this algorithm may be useful for applications that display 16-bit radiologic images on computers with standard 8-bit RGB graphic systems. Of 17 course, because palette animation only works on an 8-bit subset of the original image data, at times a banding or thresholding artifact can be noted in the image. These artifacts occurs because fewer and fewer gray scales are available to display as the adjustment of the window width/window level control continues. These artifacts are most prominent when the change in window width or window level setting is relatively large, and if the window width or the window level setting has increased in value. We have also noted a brief flash in the image when a new 16-to 8-bit conversion and color palette resetting occurs (steps 8 and 9, above). This flash can be minimized if the "black" index entry (RGB value = 0, 0, 0) is kept the same at all times.
